We have theoretically studied the electronic structure of Si δ-doped GaAs inserted into an infinite quantum well as dependent on the applied electric field. For the uniform distribution we have investigated the influence of the electric field on the donor distribution thickness as different from other authors. The present method is based on a self-consistent solution of the Schrödinger and Poisson equations. From our calculations, we have seen that a high applied electric field is significantly changed the subband structure of the δ-doped GaAs and the change of the electronic properties as dependent on the applied electric field is more pronounced at wide doping thickness. The high electric fields can induce a spatial separation between confined electrons and ionized dopants in the δ-doped GaAs structure resulting in enhanced free carrier mobility in semiconductor devices.
Introduction
Due to rapid advances in semiconductor growth technologies such as molecular beam epitaxy (MBE), it is possible to control a dopant profile in GaAs layer. Thus, δ-doping technique has been developed successfully and been widely applied to fabricate semiconductor devices. Devices based on δ-doped semiconductor structures are currently in wide research for high-speed electronic and optoelectronic applications. This doping method represents ultimate control of the narrow and sharp doping profiles, and it is a source of basic investigation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Such narrow and sharp doping profiles can be mathematically described by the Dirac's δ function [14] is the 2D donor concentration. This profile neglects the random distribution of dopants in the doped layer, which is valid in the high-density limit [15] .
Since the subband structure of such δ-doped GaAs layer is determined by the doping concentration and finite width of the doping layer, it is essential that these parameter be well controlled and affect the device performance such as confinement. The effects of the applied electric field to such structures have been studied by several authors [16] [17] [18] [19] [20] [21] . As dependent on the applied electric field strength the electronic properties of δ-doped GaAs can a e-mail: eozturk@cumhuriyet.edu.tr be changed. With the increasing external applied field, a secondary quantum well arises between the centre and the left barrier of this system. Due to the charge transfer from the doped layer to the new potential well, a spatial separation between confined electrons and ionized donors can be induced in this structure. This feature can be used to increase the electron mobility in δ-doped semiconductor devices.
In this paper, the electronic structure of Si δ-doped GaAs has been calculated by solving the Schrödinger and Poisson equations self-consistently, at T = 0 K. We have investigated the influence of the applied electric field on the δ-doping thickness for uniform distribution. The effect of impurity distribution has been compared in [11] for both the uniform distribution and nonuniform distribution. In our previous works, for δ-doped GaAs structure we have calculated the influence of temperature [22] , the effect of the electric field on intersubband transitions [23] , the effect of well width on the subband structure [24] and the electronic structure of two coupled doping layers [25, 26] .
Theory
Within effective-mass approximation, our calculations are based on a self-consistent solution of the Schrödinger and Poisson equations. The δ-doped layer is assumed to be inserted into an infinite quantum well with a width L 0 . For the system the one-dimensional Schrödinger equation is given by
and
where m * is the electron effective mass, V H (z) is the effective Hartree potential, V xc (z) is the exchange-correlation potential and F is the strength of the applied electric field. The exchange-correlation interaction on the subband structure is only very weak [6, 27] . Hence we can confidently neglect this effect. V H (z) is the Hartree potential determined by the Poisson equation
The electron charge density is given by
where ε is the GaAs dielectric constant and N d (z) is the total density of ionized dopants, n d is the number of filled states, i is subband index, k B is Boltzmann constant and E F represents Fermi energy. All donors are assumed to be ionized and are replaced by a uniform distribution. If we take the doped layers in the xy plane, the uniform distribution can be written as
where ∆z is thickness of the donor distribution and N
2D
d is the 2D donor concentration.
To determine the electronic structure of such δ-doped GaAs layer until the self-consistency is reached, we have solved this set of equations without an applied electric field. Then the subband energies, the envelope wavefunctions, the subband occupations, the electron density profile and the effective potential profile can be obtained as a function of the applied electric field.
Results and discussion
Under the applied electric field, for different donor thicknesses we have calculated the electronic structure of Si δ-doped GaAs layer for uniform distribution. The effect of a uniform electric field has been studied by Dominguez-Adame et al. [18, 19] and Mezrin et al. [20] in Si δ-doped GaAs structures by using the Thomas-Fermi semiclassical approach. But this approximation is unable to describe accurately all the phenomenology of the Stark effect in such devices. Jazia et al. [16] and Cuesta et al. [17] have studied the same Si δ-doped GaAs structure under a uniform electric field with the use of a self-consistent procedure, and Ozturk et al. [21] have studied the influence of the electric field on the doping concentration. We have investigated the effect of the electric field on the doping thickness as different from [16, 17, 21] .
In Figures 1a-c , for different doping thicknesses (∆z = 20, 50, 100Å) we show the effective potential profile (dashed curves), the subband energies with their squared envelope wavefunctions (solid curves) and the Fermi energy level (three dots-one dash line) for
12 cm −2 , at T = 0 K. In the absence of an applied electric field, the effective potential has the characteristic V -shape profile. As can be seen in this figure, with increasing the δ-doping thickness both the depth of the confining potentials and the subband energies are importantly changed. Since for the extensive δ-doping thickness the donor impurities distribution is at a wider range than the narrow doping thickness, the effective potential is shallow, the band bending is little. Thus, the narrow δ-doping thickness shows a deeper potential and a stronger confinement than the wider doping thickness. Because of this property, δ-doping can be used in controlling the carrier confinement in semiconductor devices.
In Figures 2 and 3 the effective potential profile, the subband energies with squared envelope wavefunctions and the Fermi level are shown for different doping thicknesses (∆z = 20, 50, 100Å) for F = 50 kV/cm and F = 100 kV/cm, respectively. When the applied electric field increases to 50 kV/cm, the effective potential profile is dramatically changed and a secondary triangular potential is created between the centre and the left barrier of the structures, but this changing is less pronounced for narrow donor thickness (∆z = 20Å), as shown in Figure 2 . The effect of electric field on the doping thickness is more evidently for F = 100 kV/cm (Fig. 3) . Since the structure with wide doping thickness gives a shallow potential and a weak confinement, the high applied electric field leads to more changing in this structure. As shown in all figures, the subband energies and the Fermi energy depend on both the δ-doping thickness and the applied external electric field. At F = 0 kV/cm, the squared wavefunctions of the subband energies are centred and symmetric around the effective δ-potential, as can be seen from Figure 1 . When the applied field increases, all subband energies and Fermi energy level decrease. While for F = 50 kV/cm the squared wavefunctions of the excited subband energies move to the new triangular quantum well, whereas the squared wavefunction of the ground subband energy is still localized around the δ-doped GaAs layer, as shown in Figure 2 . When the applied electric field increases to 100 kV/cm, the squared wavefunction of the ground subband energy also shifts to the left barrier. From all these results, we can see that an high applied electric field leads to more changing in the subband structure. Figure 4 . This profile is importantly changed under higher electric field. At F = 0 kV/cm, the effective potential has the V-shape profile (Fig. 1) . With increasing the applied electric field this potential profile is tilted and a secondary quantum well appears at left barrier (Figs. 2  and 3 ). As can be seen from Figure 4a , for zero electric field the charge density profile is centred and symmetric at z = 0. However, as dependent on increasing electric field, this density decreases at centre and a secondary density peak arises near the left barrier. This new peak is more evidently at high applied electric fields and wide donor thickness, as can be in Figures 4b, c . The high electric fields can induce a spatial separation between confined electrons and ionized dopants in the δ-doped GaAs structure. Consequently, the spatially separated carriers from ionized donors enhance the mobility in these structures. Due to this property, for high applied electric field the δ-doping can be used to enhance the mobility of free carriers in semiconductor devices.
For different doping thicknesses, the change of the subband occupations as dependent on the applied electric field are summarised in Table 1 . As shown in this table, the changes of the subband occupations are very sensitive to the δ-doping thickness and the applied electric field. It is clear that the distribution of the electrons over the energy levels depends on the donor thickness and the external applied electric field. As dependent on the applied electric field, the changes of the subband occupations can be accompanied by the appearance of a new quantum well in this system. This new quantum well becomes dominant at high electric field (F > 50 kV/cm), the charge carriers shift to left and are confined in the new quantum well. From all these results, we deduce the following conclusions:
(i) The electronic properties of the δ-doped GaAs layer is quite sensitive to the donor distribution thickness. The subband structure with narrow δ-doping thickness show a deeper potential and a stronger confinement and the electronic density profile is also more localized around the δ-doped GaAs layer. The distribution of the electrons over the energy levels depends on the thickness of the donor distribution. To control the carriers confinement the donor distribution thickness ∆z can be used as a tunable parameter for these systems. (ii) Since the structure with wide doping thickness gives a shallow potential and a weak confinement, the change of the electronic properties as dependent on the applied electric field is more pronounced at wide doping thickness. (iii) For high applied electric field, the subband structure is significantly changed and a secondary quantum well arises between the centre and the left barrier of this structure. This new triangular potential is more superior at high electric field and the carrier density decreases at z = 0 and appears a secondary peak near the left barrier. Consequently, by the increasing applied electric field, a spatial separation between confined electrons and ionized donors can induce in this structure. Due to this feature the spatially separated carriers from ionized donors, under the high applied electric field δ-doping can be used to enhance the mobility of free carriers in devices.
